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Abstract 

We consider a system consisting of a A-type atom and a V-type atom, which are individually 
trapped in two spatially separated cavities that are connected by an optical fibre. We show that an 
extremely entangled state of the two atoms can be deterministically generated through both photon 
emission of the A-type atom and photon absorption of the V-type atom in an ideal situation. The 
influence of various decoherence processes such as spontaneous emission and photon loss on the 
fidelity of the entangled state is also investigated. We find that the effect of photon leakage out 
of the fibre on the fidelity can be greatly diminished in some special cases. As regards the effect 
of spontaneous emission and photon loss from the cavities, we find that the present scheme with a 
fidelity higher than 0.98 may be realized under current experiment conditions. 
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I. INTRODUCTION 



Entangled quantum state is one of essential key ingredients in the implementation of 
quantum communication and quantum computation [l|, |2|, . Among kinds of schemes 
proposed to generate entangled states 

mm 

, cavity quantum electrodynamic sys- 
tems(CQEDS), which marry atomic and photonic quantum bits together, are paid more 
attentions because of both its low decoherent rate and promising feasibility to scale-up. In 
recent years, several elegant works based on CQEDS have been done. In 10|, a pair of 
momentum- and polarization- entangled photons is sent to two spatially separated cavities, 
each of which contains a V-type atom. After the atoms absorb the photons, the photon 
entanglement is transferred to the atoms. In [ll, 12, [k], [ijj], entangled states of two A- 
type atoms individually trapped in spatially separated cavities are generated through the 
interference of the polarized photons leaking out of the cavities on a beam splitter and co- 
instantaneous single-photon detections. In these schemes, in order to guarantee the interfer- 
ence effect, several conditions are required. First, the two atoms have to be simultaneously 
excited or driven. Second, spatial shapes of photon pulses leaking from the cavities should 
be similar. Third, the two photon paths from the cavities to the beam splitter must be 
symmetrical. In addition, the success of generating entangled atomic states is probabilistic 
since the photon-state-projection detection behind the beam splitter is performed. We also 
notice that the previous schemes are based on either photon emission or photon absorp- 
tion process. In this paper, we consider a CQED system in which a A-type atom and a 
V-type atom are trapped individually in two spatially separated cavities that are connected 



15j, Pelliz- 



by an optical fiber. This setup is closely related to two previous schemes. In 
zari proposed a cavity-fibre-cavity system to realize reliable transfer of a quantum state. In 
that scheme, two three-level A atoms that are adiabatically and simultaneously driven by 
a laser beam are trapped individually in two single-mode cavities connected via an optical 
fibre. In [ji]], Serafini et al employed the similar setup in which two-level atoms are trapped 
in fibre-connected cavities to realize highly reliable swap and entangling gates. We notice 
that quantum information processes realized in the fibre-connected cavity setup depends on 
atomic level configurations and laser driving ways. In the present scheme, without using any 
laser driving, only the A-type atom is initially to be pumped in the excited state. Instead of 
using either photon absorption or photon emission as done in the previous scheme, both the 
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photon emission of the A-type atom and the photon absorption of the V-type atom are in- 
volved. In this way, an entangled state of the two atoms can deterministically be generated 
through the atom-field interaction without the photon interference and the photon-state 
projection detection. 

II. MODEL 
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FIG. 1: A A type atom and a V-type atom are trapped in two spatially separated cavities 
A and B, respectively. The two cavities are linked through an optical fibre. 



As shown in FigH], a A-type atom with two degenerate states \g~x) and |<?+i) and a V- 
type atom with two degenerate states |e_i) and |e+i) are trapped in two spatially separated 
cavities that are linked by an optical fibre. The two atoms interact with local cavity fields, 
respectively. In recent years, such fiber-connected cavity systems are often empolyed for 
realizing quantum information processes 15, Hi- 



The Hamiltonian of the whole system can be written as [1 



H = Ha + Hb + Hp, 



(1) 



where 



H A = ^ WA,j a A,j a A,j + UaPXi + X A,jaA,3°A,3 + H " C - 



j=±i 



H B = Y \ U B,j a B,j a B,j + U B a B j + ^B,jClB,j^B,j + H ' C - 



j=±l 

oo 



(2) 
(3) 

(4) 



fc=i j=±i 

where Ha/b is the energy of the system consisting of atom A/B and the corresponding 
local cavity fields, and Hp represents the free energy of fibre modes and the interaction 
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between cavity and fibre modes. In (2)-(4), cla/bj and ^ are annihilation and creation 
operators for photons of frequency u A /B j and polarization j(= -1,+1 corresponding to right 
and left circular polarizations, respectively) in cavity A/B, and bj^, b~j k are annihilation 
and creation operators for photons of frequency ujj jk and polarization j in mode k of the 
fibre field, a Aj = (|e)(e| - \g j )(g j \) A /2,cr z BJ = fle^e,! - \g)(g\) B /2, = (\e)(gj\) A and 
a Bj = (\ e j)(9\)B, ^a/b ls ^ ne frequency of the transition |e/e,-) — > \gj/g), Xa/bj is the 
coupling constant of atom A/B with cavity mode j, and Uj ^ the coupling constant of cavity 
mode j with fibre mode k. Here, we assume that the right and left circular polarization 
modes in both the cavities have the same frequency u and the interaction between the atoms 
and the cavity fields is on resonance. That is, u A ±1 = u B ±1 = uj a = u B = uj. 

In the short fibre limit (2Lv) / (2ttC) < 1, where L is the length of fibre and V is the 
decay rate of the cavity fields into a continuum of fibre modes, only resonant modes b of 
the fibre interacts with the cavity modes For this case, the Hamiltonian Hp may be 
approximated to 

H F =J2 [utfbj + vM*h + a Bj) + H.c] , (5) 
j=±i 

where the phase (— l) k e l< ^ in (4) has been absorbed into the annihilation and creation oper- 
ators of the modes of the second cavity field. 

In the interaction picture, the total Hamiltonian now becomes 

H i=J2 [ A Ai°Aj<j + X B,ja B jCB~j + vM a Aj + a Bj) + H - c -] • ( 6 ) 

j=±l 

III. THE GENERATION OF ENTANGLED STATES 

In this section, we show that an extremely entangled states of the atoms can be deter- 
ministically generated in an ideal situation. 

To explain the scheme of the generation of entangled states, first, let us see how the 
entangling process works. Suppose that at the initial time the atom A is pumped in the 
excited state \e) A and the atom B is in the ground state \g)s- Through interacting with 
local cavity fields, the atom A emits either a cr + or a_ polarized photon and then the atom- 
field system is in the state = \{\g-i)\^ a+ ) + |fl , +i)|l -_)), where |l CT+ )/|l CT _) is a cavity 
field state with one photon in mode j = —1/ + 1. Assume that the coupling of the cavity 
modes with fibre modes is so strong that the emitted photon can be transferred into the 



4 



fibre modes before reabsorbed by the atom A. Through the fibre, the photon enters the 
cavity B. After absorbing the photon, the atom B is excited in either |e_i)s or \e + i) B . In 
this way, the entangled state \^ t ) = -^(\9-i) a\^-i) b + \g+i) a\z+i) b) can be created. In 
order to protect the entangled state from spontaneous emission, as shown in Fig{TJ one may 
apply a 7r-polarized light to the transition between |e±i) _b and \g' ±1 ) B , and generate a stable 
entangled state: \ip s ) = -^{\g-i)A\g'-i)B + \g+i)A\g'+i)B), where \g±i) A and \g' ±1 ) B are stable 
states. 

Now, let us go to investigate the generation of the entangled state in detail. The time 
evolution of the whole system state is governed by the Schrodinger equation 



i^\Mt)) = Hi\Mt))- 



(7) 



Suppose that at the initial time the system is in the state |^i(0)) = |e)A|0)A|0)/|0).B|<7).B. 
The state vector \ipi(t)) at time t can be expanded as 

=di\e) A \0) A \0) f \0) B \g)B + d2\g-i)A\l-i)A\0)f\0)B\g)B 
+ d 3 \g_ 1 ) A \0) A \l_ 1 ) f \0) B \g) B + d 4 \g_ 1 ) A \0) A \0) f \l_ 1 ) B \g) B 

+ d5b-i)x|0)A|0)/|0)B|e_i)fl + d 6 |^ + i)A|l+i)A|0)/|0) B b)fl (8) 
+ dr\g+i) A \0) A \l + x)f\0) B \g) B + d 8 \g +1 ) A \0) A \0) f \l +1 ) B \g) B 
+ d 9 \g +1 ) A \0) A \0) f \0) B \e +1 ) B , 
where |l±i) represents either a photon number state with one right(-l) or left(+l) circular 
polarized photon. Upon substituting (jHJ) in (7) with the conditions Aa,-i = Aa,i = A, \ B -i = 
X B> i = v^A, and z/ +1 = z/_i = v, one has 

A 2 



*=2 
d 2 = d 6 

ds = d 7 

c/4 = d$ 

dz = da 



COS 



(V2Xt) 



2V2 
Xv 



2(A 2 
sin(V2Xt) + 



1/" 



cosUl 1 + ^V2Xt) - 1 



A 



A 



-.sin{ 



1 + ^V2Xt) 



2(A 2 + v 2 ) 



cos{ 



f -^V2Xt) 



2V2 



sm(V2Xt) - 



A 



VX 2 



v 



- ; sin(\jl + ^V2Xt) 



A cos (\ 1 + T^v^At) - (A 2 + u 2 )cos(V2Xt) 



(9) 
(10) 

(11) 
(12) 

(13) 



We notice that d\ = d 2 = d 3 = <i 4 = 0, d$ = da = l/y/2, and the system is in the state 



l^i) = ^(b-i>A|e_i)A+ b+i>A|e+i)A)|0)A|0)/|0) B when V2Xt 



mir(m 



1, 3, 5, ...) and 



1 + p- = n{n = 2,4,6,...). In this state, the atoms are completely separated from the 
cavity fields and in the extremely entangled state \^t)- 

In Eqs. (9)-(13), one may also find that if v ^> A the conditions d\ = <i 2 = <i 3 = c? 4 = 
and g?5 = d 9 = 1/V2 can also be satisfied at the time \/2\t = mii{rn = 1, 3, 5, ...). It means 
that the requirement \Jl + = n(n = 2, 4, 6, ...) can be loosed in the limit v ^> A. In order 
to make the thing more clear, let us introduce the normal modes 

co, = (14) 

dA,j + OB,j ± V2bj 

c±j - ^ • (15) 

In terms of these normal modes, the Hamiltonian (HI can be rewritten as 



Hl = Z_> [ A ^J 2 ' 



j=±l 



(16) 



+ A B,j " P B ,j 



As noted in (16), the normal mode cqj is resonant with the atomic transitions from both |e) 
to \gj) of the atom A and \g) to \ej) of the atom B, but the normal modes c±j off-resonant. 
In the limit uj ^> \aj, ^bj, the off-resonant modes can be safely neglected. In this case, the 
Hamiltonian (16) becomes 



H i = —pi X] [^^.i^J^Xj ~ X B,jC 0J a^ d + H.c 
j=±i 



(17) 



In the Hamiltonian (17), the fibre modes are completely depressed since the resonant modes 
Co do not contain the fibre modes and the original system is modeled by a system consisting 
of two atoms interacting with two resonant modes in one cavity. For the initial condition 
1^2(0)) = \e) A\g) s|0) c, where |0) c is the vacuum state of the normal mode Co, the solution 
of the Schrodinger equation (7) with the Hamiltonian (17) can be found to be 

1^2(0) = di\z) a\$) c \g) b + d2\g-i)A\l~i)c\g)B + d 3 \g +1 ) A \l + i) c \g) B 
+ d 4 \g-i)A\0)c\e-i)B + d 5 \g +1 ) A \0) c \e +1 ) B , 



(18) 



where |l±i) c is a state in which there is either one right(-l) or left(+l) circular polarized 

photon in the normal mode c . Under the condition Aa -1 = A^ +i = A, and A#,-i = A#,+i = 

v^A, the expansion coefficients in (18) are given by 

l + cos(V2Xt) ~ ~ -isin(V2\t) ~ ~ 1 - cos{y/2\t) , . 

d\ = , d 2 = d 3 = , d 4 = d 5 = — y= . (.lyj 
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From Eqs.(18) and (1191) . one can see that at the moments t = mir /y/2\{m = 1,3,5,...) the 
system is in the state |\&t)|0) c in which the two atoms are separated from the normal modes 
and the extremely entangled state of the atoms |^) is achieved. This result depends on 
the condition v ^> A. In order to check the approximation validity, in FigfJl we show the 
fidelities F l = | (0 A , F , B | | 2 , where |0a,0 f ,0 b ) is the vacuum state for photons 

in both the cavities and the fibre, and F 2 = ^(OK^I^^))! 2 that corresponds to the limit 
v — > oo. As shown in FigfSl the results related to the Hamiltonians (6) and (17) become 




H At 

(c) (d) 

FIG. 2: (a)z/ = VEX;{b)v = v^A; {c)u = y/80\;(d)v = Vl20\ 

nearly same and the approximation condition v ^> A holds very well when v ^ 10A. 

From the results above, we come to the conclusion that to generate the extremely entan- 
gled state of the atoms it is needed to choose the right interaction time and the right ratio 
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of v to A when v is comparable to A, but it is needed only to control the interaction time 
when v A. 

IV. EFFECTS OF SPONTANEOUS EMISSION AND PHOTON LOSS 

In this section, we investigate the influence of spontaneous emission and photon leakage 
on the generation of atomic entangled states. The master equation for the density matrix 
of the whole system is 

p = -i[H h p] - -^r( a %j a A,jP ~ 2a AJ pa+ J + pa\ d a Ad ) 
j'=-i,i 

- Yl ^ L ( a B,j a B,jp-2a BJ pa^ J + pa+jdBj) 

" E 1 f(bp j p-2b j pb+ + pbp j ) (20) 
j=-i,i 

i=-i,i 

_ j2 ^( a + . aBjp -2a B jpa^ j +pa+ d a B ,j), 
j=-i,i 

where Hj is given by (6), and 7aj;7bj and jfj are the decay rates for photons in mode 
j of cavities A and B, and fibre, respectively, and k^j and K B ,j are spontaneous emission 
rates that are related to the decay channel of atom A: |e) — > \gj) and the decay channel 
of atom B: \ej) — > \g), respectively. In solving the master equation, we always choose 
As.ii = V^A^ii = V2X, and k A)±1 = k b ,±i = « tt , 7/,±i = If, and j At±1 = j B)±1 = j c . By 
use of the solution of Eq. (20), the fidelity F 3 = (0 A , F , B \(%\p(t)\%)\0 A , F , B ) can be 
calculated. In FigJHl the fidelity F 3 is plotted for the cases with n a = 7 C = but different 
values of v and 7/. 

As shown in Fig. 3(c) and (d), even for the case with 7^ = A, the effect of photon leakage 
out of the fibre can be greatly depressed when the cavity-fiber coupling strength v is much 
larger than the cavity-atom coupling strength A. This result can be easily understood. From 
the discussion in the preceding section, there is only the resonant normal mode cq plays role 
when v ^> A. According to (14), the resonant normal mode is not involved with the fibre 
mode. In the limit, therefore, the fibre mode is not excited and is always kept in the vacuum 
state. On the other hand, the condition v ^> A means that the transmission time of photons 



8 




At At 

(c) (d) 

FIG. 3: (a> = \/3A;(b)v = 2>/2A;(c)i/ = \/99A;(d> = VT20A 

through the fibre becomes much shorter than the interaction time of the atoms with the 
cavity fields and then the fibre photon is equivalently kept in the vacuum state in the whole 
process. This reason clearly explains why the influence of photon loss can be diminished in 
the limit v ^> A. 

From Eqs. (9)-(13), d 3 = d 7 = at t = mir/y/2\(m = 1,3,5,...) if the condition 
sj 1 + = n(n = 2,4,6,...) is satisfied. It means that all the terms associated with the 
basic vectors with one fibre photon in (8) disappear under this condition. In this case, 
therefore, the fibre field in the state vector (8) is in the vacuum state. Therefore, the 
appropriate choice of the ratio vj\ may be useful to get a higher fidelity of the entangled 
state even if the condition v 3> A is not well satisfied. In Fig. 3(a) and (b), the results with 
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k=O.OOU, 
k=0,OU /' 

K=O.U 

K=A. 



(a) 



(b) 




2 4 6 



(c) (d) 

FIG. 4: (a)7 = 0.001A(b) 7 = 0.01A;(c)7 = 0.1A;(d)7 = A 



A 2 



2 and 



A 2 



3 are shown. It is observed that the former result is obviously 



better than the latter one when 7/ < 0.1A. 

Next, we investigate the influence of spontaneous emission and cavity leakage. In FigslH 
the fidelity F 3 is shown for the cases with v = V399A and 7/ = 0, and different values of 
7 C and K a . Comparing these figures, we find that the atomic spontaneous emission has a 
stronger influence on the fidelity than the cavity photon leakage does. To obtain the fidelity 
higher than 0.97, one should keep the decay rates n a < 0.01A and 7 C < 0.1A. In recent exper- 
iments jl^, , for an optical cavity with the wavelength region 630nm ~ 850nm, the con- 
dition (A/2vr = 750MHz, K a /2n = 2.62MHz, 7 c /2vr = 3.5MHz) is achievable. Therefore, 
the present scheme with a high fidelity larger than 0.98 is feasible in current experiments. 
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V. CONCLUSIONS 



In this paper, we propose a scheme to generate an entangled state of two atoms trapped 
in spatially separated two cavities that are connected by an optical fibre. We show that 
an extremely entangled state of the atoms can be deterministically generated if the ratio 
of the coupling constant of the cavity field with the atoms to the coupling constant of the 
cavity field with the fibre mode satisfies a certain condition. The scheme has three features. 



First, it is based on both the photon emission of a A-type atom and t he p 



roton absorption 



of a V-type atom. Therefore, in contrast to the previous schemes [10J, [11|, [12], either a pair 
of entangled photons or the photon interference process is not required. Second, since the 
present scheme is based on the interaction dynamics of atoms with cavity fields and then 
the co-instantaneous single photon detection is not required, the generation of entangled 
states is deterministic. Third, in contrast to the previous schemes in which manipulations 
such as excitation, photon emission or absorption have to be performed simultaneously on 
all of atoms under consideration, such manipulations are performed respectively on each 
of atoms in the present scheme. This may reduce difficulties resulting from manipulations 
performed at the same time on two atoms. The influence of various decoherence processes 
such as spontaneous emission and photon loss on the generation of entangled states is also 
investigated. We find that the effect of photon leakage out of the fibre can be greatly 
depressed and even ignored if the coupling of the fibre mode with the cavity fields is much 
stronger than the coupling of the atoms with the cavity fields. If the condition is not well 
satisfied, the appropriate ratio of the coupling constant of the cavity field with the atoms to 
the coupling constant of the cavity field with the fibre mode can also ensure a high fidelity 
of generating entangled states. As regards the effect of photon loss out of the cavities and 
spontaneous emission of the atoms, we find that the implementation of the present scheme 
is within the scope of the current techniques. 
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